Widespread evidence has challenged the paradigm that radiation traversal through the nucleus of a cell is the only prerequisite for the production of genetic damage or a biological response. In a landmark study, Nagasawa and Little reported that when \<1% of nuclei in a cell culture are traversed by an *α* particle track, more than 30% of the cells undergo an increased frequency of sister-chromatid exchanges ([@bib19]). Since then, radiation-induced bystander effects (RIBE) have been demonstrated in numerous *in vitro* and *in vivo* studies using a variety of biological endpoints (reviewed in [@bib20]). The existence of RIBE has implications for radiotherapy, diagnostic radiology and health risks of environmental radiation exposures. Two major mechanisms mediate RIBE; in confluent cultures of normal and certain cancer cells, intercellular communication through gap junctions is a critical mediator ([@bib5]; [@bib27]), and in sub-confluent normal or tumour cell cultures, diffusible factor(s), including byproducts of cyclooxygenase activity, participate in the process ([@bib18]; [@bib15]).

Gap junctions are intercellular channels that are expressed in virtually all human tissues. They allow small molecules, such as ions and secondary messengers, to pass freely between contiguous cells, and thus they are essential for maintaining cellular homeostasis and function ([@bib11]; [@bib25]). They consist of connexins (Cx), which are a large family of proteins with at least 21 identified members in human cells. Junctional channels comprising specific Cx have different permeability properties ([@bib14]). We have shown that molecules communicated through gap junctions result in the upregulation of oxidative stress in cells adjacent to those exposed to the irradiated cells ([@bib4]), and in synergistic enhancement of toxicity among the irradiated cells ([@bib3]). Regulation of connexin expression/gap junction function by chemical agents, forced connexin expression by transfection and connexin gene knockout studies provide substantial evidence for the role of gap junctions in RIBE ([@bib5]). The participation of gap junctions in toxic bystander effects is not unique to ionising radiation; it was also described in high-density cells exposed to chemotherapeutic agents ([@bib16]).

Cyclooxygenase-2 (COX-2), the inducible form of cyclooxygenase, is activated by growth factors and cytokines to catalyse the conversion of arachidonic acid to prostaglandins ([@bib23]). Mitogen-activated protein kinase (p38^MAPK^) and inhibitor nuclear factor *κ*B kinase (IKK)-NF-*κ*B signalling pathways have been implicated in COX-2 upregulation. COX-2 has an important role in modulating the inflammatory response, which is often associated with genomic instability and carcinogenesis ([@bib22]). In particular, the addition of the COX-2 inhibitor NS-398 suppressed COX-2 activity and attenuated bystander mutagenesis in non-irradiated human lung fibroblasts in cultures where a small fraction of cells were traversed by *α* particles ([@bib26]). However, whether connexin channels and COX-2 mediate RIBE through common or independent mechanisms has not been investigated. Understanding the mediating events is pertinent to potentiating the efficacy of cancer radiotherapy and formulating strategies to attenuate post-therapeutic pathologies.

In this study, we used a genetic approach to examine the possible crosstalk between COX-2 and Cx in the propagation from irradiated tumour cells of signalling events that lead to DNA damage in contiguous bystander normal cells. We characterised micronucleus formation in bystander cells, junctional communication and connexin-interacting proteins before and after COX-2 knockdown in irradiated HeLa cells that express Cx32 or Cx26, which form channels with distinct permeability properties. We also investigated the induction of DNA damage in bystander cells in which COX-2 level was knocked down.

Materials and methods
=====================

Cells
-----

AG1522 normal human diploid fibroblasts destined to be bystanders were grown in Eagles\' minimum essential medium (CellGro) as described ([@bib5]). These cells express connexin26 (Cx26), connexin32 (Cx32) and connexin43 (Cx43), and functionally communicate with other cells by gap junctions and secreted factors ([@bib6]; [@bib2]). For coculture experiments, we used a Transwell insert with 1-*μ*m pores, whereby AG1522 cells destined to be bystanders were grown to the confluent state at the bottom side of the inserts. To this end, the cells were seeded on inverted inserts and allowed to attach, which occurred within∼1 h; the inserts were then re-inverted and placed in 6-well plates containing growth medium. The cells were grown for 7 days with daily feeding with fresh medium. Under these conditions, 95--98% of the cells were in G~0~/G~1~ phase of the cell cycle when they were cocultured with tumour cells seeded on the top side of the insert.

To investigate the role of specific Cx in propagation of RIBE, HeLa cells expressing Cx26 or Cx32 were generated by transfecting parental cells with inducible vectors containing rat Cx26 or Cx32 cDNA. The expressed Cx form junctional channels that discriminate among communicated signalling molecules (Koreen *et al*, 2004). Cells destined for *α*-particle irradiation were grown as described ([@bib2]). To induce Cx26 or Cx32 expression, the cells were incubated with 1 *μ*g ml^−1^ doxycycline (BD Biosciences, San Jose, CA, USA) 16 h before irradiation. We have shown that HeLa cells expressing Cx26 or Cx32 communicate via junctional channels with cocultured AG1522 cells grown on Transwell inserts ([@bib2]).

Irradiation
-----------

HeLa cells were exposed, at 37 °C, to *α* particles of 3.7 MeV mean energy from an ^241^Am-collimated source at a mean absorbed dose rate of 5.7 cGy min^−1^ ([@bib3]). Immediately after irradiation, the cells were trypsinised and seeded on top of inserts having bystander AG1522 cells grown on their bottom side. After 6 or 24 h of coculture, the bystander cells were harvested with 99.9% purity, as assessed by a flow cytometry approach, to examine biological endpoints. In some experiments, the cells were exposed to ^137^Cs *γ* rays at a mean absorbed dose rate of 2.75 Gy min^−1^ ([@bib3]).

Micronucleus formation
----------------------

Micronuclei, a form of chromosomal damage that arises mainly from DNA double-strand breaks, were evaluated by the cytokinesis block technique (described in [@bib3]). At least 1000 binucleated cells/treatment were examined in each experiment.

Inhibitors
----------

18-*α*-glycyrrhetinic acid (AGA), a reversible inhibitor of gap junction communication, and lanthanum chloride (La^3+^) (Sigma, St. Louis, MO, USA), an inhibitor of hemi-channels, were added to cell cultures at non-toxic concentrations of 50 *μ*[M]{.smallcaps} 15 min before coculture ([@bib10]; [@bib24]).

Western blot analysis
---------------------

Total cell lysates were prepared in the presence of protease and phosphatase inhibitors. The monoclonal antibodies were as follows: anti-ERK1/2, anti-phospho-ERK1/2, anti-p38, anti-phospho-p38, anti-phospho-NF-*κ*B (Cell Signaling, Beverly, MA, USA), anti-COX-2 (BD Biosciences) and anti-MAPKKK (Abcam, Cambridge, MA, USA).

Immunoprecipitation
-------------------

Monolayer cells were washed with PBS, and TritonX-100-insoluble fractions of plasma membrane were isolated. Immunoprecipitation with anti-Cx26 antibody and immunoblotting were according to standard techniques. Inputs (supernatants) represent 1/20th of the extract used for immunoprecipitation.

Statistical analyses
--------------------

Poisson statistics was used to calculate the standard error associated with the percentage of cells with micronuclei over the total number of cells scored. The Pearson\'s *χ*^2^-test was used to compare treatment groups versus respective controls. A *P* value of \<0.05 was considered statistically significant. Experiments were repeated at least three times, and standard errors of the means are indicated in the figures. The data shown are from pooled experiments.

Results
=======

Gap junctions consisting of Cx26, but not Cx32, accelerate the expression of stressful RIBE
-------------------------------------------------------------------------------------------

To investigate the role of gap junction permeability in RIBE, we used HeLa cells as a model system. These cells, which lack endogenous Cx, were stably transfected with either empty vector (henceforth coined HeLa parental) or inducible vectors containing Cx26 or Cx32 cDNA (henceforth coined HeLa Cx26 or HeLa Cx32). In the transfected cells, the expressed Cx localise in the plasma membrane and form functional gap junctions ([@bib17]). We have previously shown that HeLa Cx26 and HeLa Cx32 cells also form functional gap junctions with normal human diploid AG1522 fibroblasts ([@bib2]). The HeLa cells were exposed to a mean absorbed dose of 50 cGy from 3.7 MeV *α* particles that results in ∼50% clonogenic survival ([@bib2]), and within 5 min after exposure the irradiated cells were intimately cocultured with bystander AG1522 cells in Transwell inserts, as described in the Methods section. After 6 h or 24 h, the bystander cells were isolated and assessed for DNA damage in the form of micronuclei. Compared with coculture with sham-irradiated cells, a 6-h coculture of AG1522 cells with irradiated HeLa parental cells resulted in no significant change in the fraction of bystander cells with micronuclei ([Figure 1A](#fig1){ref-type="fig"}). However, a 24-h coculture resulted in an increase (*P*\<0.01) ([Figure 1B](#fig1){ref-type="fig"}). This degree of micronucleus induction in bystander cells is attributed to non-gap junctional effects (e.g., secreted factors). When the HeLa cells expressed functional Cx26 channels, a substantial bystander effect was seen at 6 h, and at 24 h of coculture the bystander effect was greater than that seen upon coculture with parental HeLa cells (*P*\<0.01) ([Figure 1A](#fig1){ref-type="fig"}). In contrast, coculture of bystander cells with irradiated HeLa Cx32 cells for 6 h or even 24 h did not induce micronucleus formation in bystander cells ([Figure 1A and B](#fig1){ref-type="fig"}). These data support a critical role for gap junction permeability in determining the magnitude of induced bystander effects. Whereas the expression of Cx26 in HeLa cells mediated intercellular effects leading to DNA damage in bystander normal cells, the expression of Cx32 mediated intercellular effects that mitigate the effects that otherwise would be evident at 24 h.

Cx26 junctional channels, but not hemi-channels, have a significant role in the propagation of signalling events leading to DNA damage in bystander cells
---------------------------------------------------------------------------------------------------------------------------------------------------------

To distinguish the roles of Cx26 junctional channels and hemi-channels in the propagation of signalling events leading to DNA damage in the bystander cells, AG1522 bystander cells were cocultured with irradiated HeLa Cx26 cells in the presence or absence of the gap junction inhibitor AGA or the hemi-channel inhibitor La^3+^ ([Figure 2](#fig2){ref-type="fig"}). A 24-h coculture period in the presence of La^3+^ had essentially no effect on bystander micronucleus formation (*P*\<0.01), but incubation of the cells in the presence of AGA inhibited the bystander induction of DNA damage ([Figure 2](#fig2){ref-type="fig"}). That is, inhibition of the junctional channels and not the hemi-channels eliminated the effect of Cx26 expression on micronucleus formation in bystander cells. These results show that Cx26 likely mediates the bystander response through its role in forming junctional channels. Compared with the data in [Figure 1B](#fig1){ref-type="fig"}, where a bystander effect was detected in AG1522 cells cocultured for 24 h with parental HeLa cells devoid of functional Cx, these results suggest that communication through gap junctions supersedes the effect of events propagated by extracellular secretion.

COX-2 knockdown attenuates radiation bystander effects mediated by gap junctions and diffusible factor(s)
---------------------------------------------------------------------------------------------------------

To investigate whether COX-2 signalling has a modulating role in gap junction-mediated bystander effects, we knocked down COX-2 level in HeLa parental, HeLa Cx26 and HeLa Cx32 cells by shRNA constructs that target different regions of the COX-2 mRNA sequence. The clones with the best knockdown efficiency were used in the experiments ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Similar to the results in [Figure 1](#fig1){ref-type="fig"}, micronucleus formation in bystander AG1522 cells cocultured with irradiated HeLa parental cells for 24 h but not 6 h was increased (*P*\<0.01) ([Figure 3A and B](#fig3){ref-type="fig"}); the knockdown of COX-2 prevented this increase ([Figure 3B](#fig3){ref-type="fig"}), suggesting that irradiation induces a COX-2-mediated pathway leading to the component of bystander toxicity that is not mediated by gap junctions. Strikingly, knockdown of COX-2 in HeLa Cx26 cells also attenuated the bystander effect detected at both 6 h and 24 h of coculture ([Figure 3C and D](#fig3){ref-type="fig"}). Except for the results obtained with cells from clone 5 where the increase in micronucleus formation was still significant at 6 h (*P*\<0.015 *vs* *P*\<0.001 in respective control) ([Figure 3C](#fig3){ref-type="fig"}), the trend towards an increase in micronucleus formation in the other clone and at 24 h in clone 5 was not significant when COX-2 basal level was decreased in the irradiated cells ([Figure 3C and D](#fig3){ref-type="fig"}). On the other hand, knockdown of COX-2 in HeLa cells expressing Cx32 did not alter the level of DNA damage in the form of micronuclei in bystander AG1522 cells examined at either 6 h or 24 h following coculture ([Figure 3E and F](#fig3){ref-type="fig"}). There were no significant differences in micronucleus formation in AG1522 cells cocultured with irradiated or sham-treated HeLa Cx32 cells originating from either of the 2 clones used.

COX-2 knockdown delays cellular coupling via Cx26 channels
----------------------------------------------------------

To test the effect of COX-2 knockdown on cellular coupling, HeLa Cx26 cells with normal or knockdown COX-2 were loaded with CellTracker Orange CMTMR fluorescent dye (Molecular Probes, Eugene, OR, USA) that remains tightly bound to cells. In addition, the cells were loaded with Calcein AM (Molecular Probes). Once loaded into the cell, this dye can migrate to adjacent cells through gap junctions only. After loading, the cultures were trypsinised and the cells were replated with unloaded AG1522 bystander cells at a respective ratio of 1 : 99 and seeded at high density. At different times thereafter, the cells were examined with a fluorescent microscope. The data in [Figure 4](#fig4){ref-type="fig"} (top row) show that CellTracker Orange-loaded HeLa Cx26 cells with normal COX-2 establish junctional communication with AG1522 cells within 2 h of coculture, as illustrated by the transfer of Calcein AM dye. When HeLa Cx26 with COX-2 knockdown were cocultured with AG1522 cells, functional coupling also occurred; however, it was attenuated and delayed ([Figure 4](#fig4){ref-type="fig"}, middle and bottom rows). At 2 h and 3.5 h of coculture, it was only ∼15% and 35%, respectively, of the coupling observed at 2 h in HeLa Cx26 cells with normal COX-2 level.

COX-2 knockdown affects the interaction of Cx26 with the mitogen-activated protein kinase kinase kinase (MAPKKK) MLT
--------------------------------------------------------------------------------------------------------------------

To gain a greater understanding of the crosstalk between COX-2 and gap junction coupling, we characterised Cx26-interacting proteins in the plasma membrane of HeLa cells with normal or knockdown COX-2 levels. Cholesterol-rich domains of the plasma membrane were isolated, and proteins that coimmunoprecipitated with Cx26 were purified and identified by liquid chromatography-mass spectrometry (LC-MS). Among other proteins, MLTK was found to exist in complex with Cx26 in cells with normal COX-2 level. MLTK is a member of the MAPKKK family and is upstream of p38^MAPK^ ([@bib12]) that regulates the expression of COX-2 ([@bib26]) and several radiation-induced responses, including bystander effects ([@bib7]; [@bib1]). Further, phosphorylation of connexin by MAPK affects its interaction with other proteins ([@bib9]). The knockdown of COX-2 reduced the interaction of Cx26 with MLTK by ∼8-fold. The immunoprecipitation/immunoblotting results in [Figure 5](#fig5){ref-type="fig"} confirm the LC-MS results and show that knockdown of COX-2 drastically attenuated the Cx26-MLTK interaction. However, this reduced interaction did not affect the activation of ERK1/2, p38^MAPK^ and NF-*κ*B in HeLa Cx26 cells exposed to *α* particles ([Figure 6](#fig6){ref-type="fig"}). Interestingly though, in sham-treated cells, the basal levels of ERK1/2, p-ERK1/2, p38^MAPK^, p- p38^MAPK^ and p-NF-*κ*B were lower in COX-2 knockdown cells compared with cells with a normal level of COX-2 (0.73±0.31, 0.55±0.01, 0.61±0.14, 0.36±0.22, and 0.6±0.02, respectively).

COX-2 knockdown promotes genomic instability in progeny of normal bystander cells cocultured with cancer cells expressing Cx26
------------------------------------------------------------------------------------------------------------------------------

The results in [Figure 3](#fig3){ref-type="fig"} indicate that knockdown of COX-2 attenuates stressful effects in normal bystander cells examined within hours of coculture with irradiated cancer cells. To investigate the long-term outcome of the bystander effect, we evaluated spontaneous micronucleus formation in progeny of the bystander cells. Bystander AG1522 cells cocultured with irradiated or sham-treated HeLa Cx26 cells with normal or knockdown COX-2 levels were harvested after 6 h of coculture. They were then propagated for 20 population doublings and examined for micronucleus formation. There was no difference in micronucleus formation in progeny of AG1522 cells that were previously cocultured with irradiated or sham-treated HeLa Cx26 cells with normal COX-2 level (*P*=0.36) ([Figure 7](#fig7){ref-type="fig"}). In contrast, progeny of bystander cells that were cocultured with irradiated HeLa Cx26 cells with COX-2 knockdown, which showed a short-term attenuated bystander effect ([Figure 3C](#fig3){ref-type="fig"}), exhibited an enhanced genomic instability reflected in a greater fraction of progeny cells harbouring micronuclei (*P*\<0.01) ([Figure 7](#fig7){ref-type="fig"}).

Discussion
==========

Our micronucleus formation results ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}) indicate that several pathways mediate the spread of stressful effects from irradiated cells to neighbouring bystander cells, which results in induction of DNA damage in the bystander cells. These effects, whether mediated by junctional communication or extracellular secretion, are significantly modulated by COX-2 ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}). Clearly, the expression of harmful bystander effects impacts the long-term outcome of therapeutic irradiation.

Not unexpectedly, the effects propagated through gap junctions superseded those that are disseminated through extracellular secretion ([Figure 1](#fig1){ref-type="fig"}), as this type of communication surmounts the barrier presented by the intervening plasma membrane. These results build upon a wealth of evidence showing that radiation injury extends from the irradiated to non-irradiated cells in an exposed cell population. Specifically, our data reveal the novel finding that the magnitude/nature of the effects communicated from irradiated tumour to normal cells is dependent on the permeability of the channels that couple these cells together ([Figures 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Whereas inducible expression of Cx26 channels propagated radiation effects that resulted in excess DNA damage in bystander cells, intercellular communication through Cx32 channel helped prevent the expression of such an effect ([Figure 1A and B](#fig1){ref-type="fig"}). Previous studies have shown that depending on their isoform composition connexin channels can discriminate between highly similar second messengers (e.g., cAMP and cGMP, and among inositol triphosphates) ([@bib14]). The mitigating effect of Cx32 channels may be due to enhanced or reduced permeability to certain signalling molecules. Rescue factors may be also communicated from the bystander to the irradiated cells, which would counteract the propagation of signalling molecules that lead to harmful bystander responses. However, this does not preclude a role for the involvement of Cx32 effects that are independent of junctional communication, including the secretion of protective molecules. Specifically, experiments wherein HeLa Cx26 cells or HeLa Cx32 cells are cocultured with AG1522 cells in which Cx26 or Cx32 are knocked down would shed light on the specificity of these Cx in RIBE and the ways by which they mediate their effects.

Similar to gap junctions, hemi-channels also affect physiological processes that impact cell survival ([@bib14]). Our results support the concept that the harmful bystander effects propagated by irradiated HeLa cells expressing Cx26 are due to the role of this protein in the formation of junctional channels and not hemi-channels. Incubation of irradiated and contiguous bystander cells with the gap junction inhibitor AGA ([@bib10]), and not the hemi-channel inhibitor La^3+^ (50 *μ*[M]{.smallcaps}), inhibited the induction of DNA damage in bystander cells ([Figure 2](#fig2){ref-type="fig"}). Clearly, additional experiments investigating higher concentrations of La^3+^ ([@bib24]) may yield different outcomes; however, interpretations of the results may be complicated owing to toxic effects of the higher concentrations. Furthermore, the effects of AGA on bystander effects induced in AG1522 cells cocultured with irradiated HeLa parental cells (deficient in gap junction communication) would be informative; lack of an effect on the magnitude of the bystander response would support that inhibition of micronucleus induction in bystander AG1522 cells cocultured with irradiated HeLa Cx26 cells in the presence of AGA was due to inhibition of junctional communication. Prominently, our results have shown that the effects mediated by inducing Cx26 expression in HeLa cells were greatly affected by COX-2 level. COX-2 knockdown significantly reduced the extent of harmful bystander effects being propagated from irradiated HeLa Cx26 cells ([Figure 3C and D](#fig3){ref-type="fig"}).

Previous studies had shown that COX-2 is an important mediator of bystander effects ([@bib26]). The results in [Figure 3](#fig3){ref-type="fig"} support these findings and show that COX-2 modulates bystander effects mediated by both extracellular secretion and gap junctions. In irradiated HeLa parental cells devoid of functional Cx, downregulation of COX-2 abrogated the expression of harmful bystander effects observed at 24 h of coculture ([Figure 3A and B](#fig3){ref-type="fig"}). In irradiated HeLa cells expressing Cx26, COX-2 knockdown greatly affected the induction of micronuclei in bystander cells. Interestingly, the basal level of COX-2 was decreased in HeLa cells induced to express Cx26 ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}), and COX-2 knockdown affected the expression of mediators of the bystander effect, namely p38^MAPK^ and NF-*κ*B ([Figure 6](#fig6){ref-type="fig"}).

In contrast to HeLa Cx26 cells, knockdown of COX-2 in HeLa Cx32 cells had no modulating effect on bystander responses assessed at 6 h or 24 h of coculture; there was no induction of micronuclei in bystander AG1522 cells cocultured with irradiated HeLa Cx32 cells expressing normal or reduced levels of COX-2 ([Figure 3](#fig3){ref-type="fig"}). The absence of an effect suggests that the rescue role of Cx32 channels is independent of COX-2, or the effects mediated by these channels block COX-2 effect(s) that lead to micronucleus formation in bystander cells.

Our results also showed that COX-2 is critical in mediating non-targeted effects when modulated at the level of the bystander cells. Bystander HeLa parental cells with COX-2 knockdown that shared medium with cocultured irradiated HeLa parental cells with normal COX-2 expression did not exhibit an increase in micronucleus formation compared with the respective control ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

Whereas junctional propagation of radiation-induced effects that enhance cell killing of tumour cells increases the therapeutic gain ([@bib3]), propagation of effects that enhance genomic instability in progeny of normal bystander cells may account for secondary harmful effects. Although knockdown of COX-2 in irradiated HeLa Cx26 cells (clone 7) attenuated harmful effects assessed at 6 h or 24 h in AG1522 bystander cells, the progeny of the bystanders exhibited significant enhancement in spontaneous micronucleus formation 20 population doublings later ([Figure 7](#fig7){ref-type="fig"}). In contrast, the progeny of AG1522 bystander cells that were cocultured with irradiated HeLa Cx26 cells with normal COX-2 level did not show such a persistent harmful effect ([Figure 7](#fig7){ref-type="fig"}). Likely, the level of stress communicated from the latter cells to the bystanders shortly after irradiation contributed to death of the affected bystanders or permanently inhibited their proliferation. On the other hand, the emergence of a significant fraction of cells harbouring micronuclei among the progeny of bystanders that were apparently unaffected shortly after coculture (i.e., AG1522 cells cocultured with irradiated HeLa Cx26 knockdown cells) is consistent with accumulating changes in these cells. Our earlier studies had shown that progeny of bystander cells from cultures exposed to very low mean absorbed doses of densely ionising radiations experience perturbations in oxidative metabolism manifested in decreased antioxidant potential, decreased aconitase activity and increased level of oxidised proteins ([@bib8]).

Connexins are known to interact in the plasma membrane with other junctional proteins, enzymes, structural proteins and other molecules ([@bib14]). Our study shows that these interactions are affected by COX-2 knockdown. Specifically, the physical interaction of Cx26 with the MAPKKK MLT in the plasma membrane was drastically reduced ([Figure 5](#fig5){ref-type="fig"}). The MAPKKK participates in many functions, including DNA damage checkpoints and apoptosis. Importantly, it is implicated in the activation of p38^MAPK^ that we and others have shown to be involved in ionising RIBE ([@bib7]; [@bib1]; [@bib13]). Significantly, p38^MAPK^ regulates COX-2 activity ([@bib15]), and the phosphorylation of connexin by MAPK or other kinases regulates gap junction assembly and the role of Cx in proliferation and in other physiological pathways ([@bib21]). It is attractive therefore to speculate that the decreased interaction of Cx26 with MAPKKK may be a critical link in the crosstalk between connexin and COX-2.

In conclusion, this study shows that multiple mechanisms participate in the propagation of stressful effects from irradiated to bystander cells. When cells are able to communicate by direct and indirect modes, the most efficient mode (i.e., junctional communication) predominates ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Whereas different signalling molecules may be communicated via extracellular secretion or junctional communication, a common modulating effect seems to involve COX-2 activity: COX-2 modulates bystander responses at the level of both the irradiated and bystander cells ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Importantly, functional coupling between HeLa Cx26 cells and AG1522 fibroblasts is significantly delayed upon COX-2 knockdown ([Figure 4](#fig4){ref-type="fig"}); whether this is due to altered phosphorylation of Cx26 remains to be investigated. Characterising the temporal interactions of Cx with partner kinases/phosphatases in control, irradiated and bystander cells with normal or COX-2 knockdown levels will likely provide further clues to the pathways that regulate intercellular communications by gap junctions. Such studies will likely reveal that different protein interactions occur with the various Cx as a function of time after treatment. Together, these studies, and their expansion to intact tissues/organs, will contribute to a greater understanding of non-targeted responses in the entire biological system and by corollary of the debilitating pathologies that arise after cancer radiotherapy.
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![**The effect of junctional permeability on induction of DNA damage in bystander cells.** HeLa parental cells deficient in junctional communication, or expressing Cx26 or Cx32 channels, were exposed to a mean absorbed dose of 50 cGy from 3.7 MeV *α* particles or were sham-treated. Within 5 min after irradiation, they were cocultured with AG1522 normal cells for 6 h (**A**) or 24 h (**B**) in a manner that permitted junctional communication between the bystander AG1522 cells and irradiated HeLa cells expressing connexins. After coculture, the bystander cells were harvested and subjected to the micronucleus formation assay.](bjc2014276f1){#fig1}

![**The role of connexin26 channels in the propagation of harmful effects of ionising radiation.** Micronucleus formation in bystander AG1522 cells that were cocultured for 24 h with *α*-particle-irradiated or sham-treated contiguous HeLa cells expressing Cx26 in the presence of non-toxic concentrations (50 *μ*[M]{.smallcaps}) of the gap junction inhibitor AGA or the hemi-channel inhibitor La^3+^.](bjc2014276f2){#fig2}

![**The effect of COX-2 on radiation-induced bystander effects mediated by connexin channels.** Micronucleus formation in bystander normal human AG1522 fibroblasts cocultured with contiguous HeLa cells with normal (control) or knockdown levels of COX-2. HeLa parental cells (**A** and **B**) and HeLa cells expressing Cx26 (**C** and **D**) or Cx32 (**E** and **F**) with normal or knockdown levels of COX-2 were exposed to a mean absorbed dose of 50 cGy from 3.7 MeV *α* particles or were sham-treated. Within 5 min after exposure, they were intimately cocultured with AG1522 fibroblasts for 6 h (left panels) or 24 h (right panels). After coculture, the bystander cells were harvested and subjected to the micronucleus formation assay.](bjc2014276f3){#fig3}

![**The effect of COX-2 knockdown on junctional communication between HeLa Cx26 cells and AG1522 fibroblasts.** HeLa Cx26 cells loaded with Calcein AM (green fluorescence) and CellTracker Orange (red fluorescence) were mixed with non-loaded AG1522 cells at a respective ratio of 1 : 99. Cells were microscopically examined with Texas Red (**A**) or FITC filters (**B**). (**A**) Representative field showing the loaded cells present in the coculture. (**B**) Same field in (**A**) showing Calcein AM dye transfer that occurs between HeLa Cx26 cells with normal or knockdown level of COX-2 and AG1522 fibroblasts at 2 h and 3.5 h after coculture.](bjc2014276f4){#fig4}

![**The effect of COX-2 knockdown on the plasma membrane interaction of connexin26 with Mitogen-Activated Protein Kinase Kinase Kinase (MAPKKK).** Physical interaction of Cx26 with MAPKKK MLK in cholesterol-rich domains of the plasma membrane of irradiated (4 Gy from ^137^Cs *γ* rays) or sham-treated HeLa Cx26 cells with normal or COX-2 knockdown. Western blot analyses of MAPKKK MLK in the supernatant and pelleted fraction after immunoprecipitation with anti-Cx26 antibody.](bjc2014276f5){#fig5}

![**Effect of COX-2 knockdown on the levels of stress-responsive proteins in sham-treated and irradiated HeLa Cx26 cells.** Western blot analyses of COX-2 regulatory proteins in HeLa Cx26 cells with normal or COX-2 knockdown at 3 h after irradiation with a mean absorbed dose of 50 cGy from 3.7 MeV *α*-particles. Staining with Ponceau S Red was used as loading control.](bjc2014276f6){#fig6}

![**Effect of COX-2 knockdown in irradiated HeLa Cx26 on delayed changes induced in progeny of bystander normal cells.** Micronucleus formation in progeny of isolated bystander AG1522 cells that were previously cocultured with *α*-particle-irradiated or sham-treated HeLa Cx26 cells with normal or COX-2 knockdown for 6 h.](bjc2014276f7){#fig7}
